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Between 1% and 5% of youth have hypertension. 1, 2 Hypertension early in life can predict adult hypertension, a condition that is associated with shorter life span due to higher cardiovascular mortality. 3, 4 Structural cardiac changes and organ damage due to hypertension can begin at very young ages. A recent study suggested that changes in cardiac structure caused by hypertension can be detected in children as young as 24 months. 5 It is speculated that obesity may be the strongest modifiable risk factor for hypertension during childhood, 6 ,7 but prior to developing interventions to modify high blood pressure (BP), the magnitude of the association must be determined.
Hypertension in youth is associated with obesity. 1 Some racial/ethnic minorities have a high prevalence of obesity, with a shift in the body weight distribution toward extreme obesity. 8 Insights into the interplay of obesity, race/ethnicity, sex, and the occurrence of hypertension may provide support for decisions related to screening high-risk groups for high BP and eventual effective, targeted interventions to prevent premature cardiovascular disease.
Because studies are lacking in assessing whether screening for high BP in youth reduces adverse health outcomes or delays the onset of hypertension, the evidence is currently insufficient to make recommendations for or against routine screening for high BP in asymptomatic children and adolescents. 9 Because the prevalence of hypertension in normal weight is low, the question arises whether body mass index (BMI)-for-age can be used to identify youth at highest risk for hypertension. This information can be used to target a high-risk population for BP screening until current evidence gaps are filled.
Using information in the electronic health records (EHRs) of a population-based, multiethnic cohort of insured youth in Southern California, we estimated the magnitude of the association between high BP and body weight categories in children and adolescents. We also determined BMI-for-age thresholds that best predict pediatric prehypertension and hypertension to guide future recommendations for a targeted screening program to identify high BP in youth.
PATIENTS AND METHODS

Study Design and Patients
Patients enrolled in this study were pediatric members of a pre-paid integrated health plan between January 1, 2007, and December 31, 2009 . Kaiser Permanente Southern California (KPSC) is the largest health care provider in Southern California. In 2012, KPSC provided health care services to more than 3.6 million members, approximately 22% of whom were 17 or younger. 10 Detailed demographic characteristics of the KPSC membership population are described elsewhere. 10 Members receive care in medical offices and hospitals managed by KPSC. A comprehensive EHR system, HealthConnect, was implemented region-wide prior to 2007. The study protocol was reviewed and approved by the institutional review board of KPSC.
For this cross-sectional study, we used EHR data from a subset of patients enrolled in a large populationbased cohort, the KPSC Children's Health Study, from January 1, 2007, through December 31, 2009 . 11 The date of the first available BP was considered the day of study enrollment. As shown in Figure 1 , we excluded those who were younger than 6 years or older than 17 years (n=444,887) and patients who became pregnant anytime during the 36-month study period (n=6856). We also excluded patients with ≥1 preexisting diagnoses of chronic conditions known to significantly affect growth or BP (n=2712), such as growth hormone deficiency (International Classification of Disease, Ninth Revision [ICD-9] 253.3) or overproduction (ICD-9 253.0), aortic coarctation (ICD-9 747.10), chronic renal disease (ICD-9 585.x), congenital adrenal hyperplasia (ICD-9 255.2), Cushing syndrome (ICD-9 255.0), hyperaldosteronism (ICD-9 255.1), and/or hyperthyroidism (ICD-9 242). Youth who had filled a prescription for an antihypertensive medication and who had at least one outpatient diagnosis of hypertension (ICD-9 401, 402, 403, or 404) (n=984) prior to study enrollment were identified as having hypertension. Among the remaining youth, BP measurements at 3 separate visits were required for the identification of hypertension. 12 We therefore excluded participants of the KPSC Children's Health Study with fewer than 3 BP measurements within 36 months following the day of study enrollment (n=228,331), allowing annual health care visits. This resulted in a final analytical cohort of 237,248 children and adolescents aged 6 to 17 years.
BP Measurements and Classification
BP was measured routinely at the beginning of almost every outpatient clinical visit. Nurses and medical assistants were trained according to guidelines of the American Association of Critical Care Nurses for pediatric care. 13 Digital devices (Welch Allyn Connex series, Welch Allyn Inc, Skaneateles Falls, NY) are the preferred BP measurement devices at KPSC. In some cases, a wall-mounted aneroid sphygmometer (Welch Allyn Inc) was used. The cuff size was estimated after inspection of the bare upper arm at the midpoint between the shoulder and elbow using a bladder width approximately 40% of the arm circumference. Staff were trained to ensure that the bladder inside the cuff encircle 80% to 100% of the circumference of the arm according to standard recommendations. 13 A full range of different cuff sizes were available at the locations where vital signs, including BP, are recorded in the clinics. After at least 3 to 5 minutes of rest, children were measured in a seated position with the midpoint of the arm supported at heart level. The brachial artery was palpated and the cuff was placed to ensure that that midline of the bladder was over the arterial pulsation and then the cuff was snugly wrapped and secured around the child's bare upper arm. In pediatric clinics, nurses and medical assistants are instructed to repeat the measurement if there is an elevated BP. If the level remains elevated on the repeated BP measurement, the primary care provider will measure BP using an auscultatory device in the examination room. However, repeated BP measurements are not systematically recorded in the EHR and aneroid readings cannot be distinguished from oscillometric readings in the EHR. All personnel measuring BP is certified in BP measurement during their initial staff orientation and recertified annually. In pediatrics and family practice, staff must complete a Web-based training session and successfully pass a certification process that includes knowledge of preparing patients for measuring BP, selecting correct cuff size, and using standard techniques for BP measurement. In addition to the Web-based training, staff is observed measuring BP to verify their competency. However, the intensity of this training may vary by medical center and deviations of the preferred measurement method may have occurred.
BP measures for all outpatient encounters were extracted from the EHR from the date of enrollment until 36 months after this date unless the measured body temperature at the time of the encounter was >100.4°F or >38.0°C. In clinical settings, follow-up visits may not be scheduled as recommended and may lead to an underestimation of the prevalence of hypertension. Given this clinical settings, the rules to classify BP were widened to a 36-month study period that allowed for the inclusion of BP measurements from 3 regular annual visits. The use of the first 4 consecutive BPs allowed one BP to be an outlier below classification requirements. We classified BP using the recommendations of the Fourth Report On the Diagnosis, Evaluation, and Treatment of High Blood Pressure in Children and Adolescents of the National High Blood Pressure Education Program (NHBPEP) 14 combined with the recommendations for adults of the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7). 15 Prehypertension was defined as at least one BP between the 90th percentile and <95th percentile (or ≥120/80 mm Hg even if lower than the 90th percentile) of age, sex, and height BP distribution charts. Because of high variability of BP in this age group, the NHBPEP definition of hypertension in children and adolescents requires a BP ≥95th percentile (or ≥140/90 mm Hg even if lower than the 95th percentile) on at least 3 separate occasions. We classified youth with 1 or 2 BPs ≥95th percentile as "blood pressure in the hypertensive range." As previously described, patients with a diagnosis of essential hypertension and at least one prescription of antihypertensive drug were classified as having hypertension if there was no information in the EHR to suggest a different diagnosis.
Body Weight and Height
Body weight and height were routinely measured and extracted from the EHR. BMI was calculated as weight (kilograms) divided by the square of the height (meters). Definitions of overweight and obesity in children and adolescents are based on the sex-specific BMI-for-age growth charts developed by the Centers for Disease Control and Prevention. 16 Because BMI-for-age cross the adult thresholds for overweight and obesity, which may lead to an underestimation of overweight and obesity in adolescents older than 15 years, the definitions were combined with the World Health Organization definitions for overweight and obesity in adults. [16] [17] [18] Children were categorized as underweight (BMI-for-age <5th percentile), normal weight (BMI-for-age ≥5th to <85th percentile), overweight (BMI-for-age ≥85th to <95th percentile or a BMI ≥25 to <30 kg/m 2 ), moderately obese (BMI-for-age ≥95th to <1.2995th percentile or a BMI ≥30 to <35 kg/m 2 ), and extremely obese (BMI-for-age ≥1.2995th percentile or a BMI ≥35 kg/m 2 ). Based on a validation study including 15,000 patients with 45,980 medical encounters, the estimated error rate in weight and height data was <0.4%.
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Race, Ethnicity, and Socioeconomic Status We obtained race and ethnicity information from health plan administrative records and birth records. We hierarchically categorized race/ethnicity as Hispanic (regardless of race), non-Hispanic white, black, Asian or Pacific Islander, and other, multiple, or unknown race/ethnicity combined. In a validation study comparing health plan administrative records and birth certificate records of 325,810 children, 20 the positive predictive values (PPVs) were 89.3% for Hispanic ethnicity, 95.6% for white, 86.6% for black, 73.8% for Asian/Pacific Islander, 51.8% for other, and 1.2% for multiple race/ethnicity.
In cases for which race and ethnicity information was unknown (31.7%), administrative records were supplemented by an imputation algorithm that used surname lists and address information derived from the US Census Bureau. [21] [22] [23] Hispanic ethnicity and Asian race were assigned based on surnames. For blacks and nonHispanic whites, the child's home address was used to link racial/ethnic information from the US Census Bureau. Race/ethnicity was hierarchically assigned using probability cutoffs of >50% for Asian surname, >50% for Hispanic surname, >75% for black race from geocoding, and white race >45% from geocoding if no other assignment could be made before. The specificity and PPV were >98% for all races/ethnicities. 8 To assess socioeconomic status, we used neighborhood education, which was estimated from geocoded addresses linked to 2010 US census data at the block level. 24 
Statistical Analysis
Differences in the distribution of demographic characteristics for the analytical cohort, as well as youth excluded due to missing BP measures, among weight classes were assessed using the chi-square test. The prevalence of high BP was estimated for the entire cohort and by sex (boys/girls), age group (6-11 years, 12-17 years), race/ethnicity (non-Hispanic white, Hispanic, black, Asian or Pacific Islander, other or unknown), and state subsidized healthcare (yes/no). The prevalence was expressed as a percentage with corresponding 95% confidence intervals (CIs). For outcomes with high frequency, the odds ratio derived from logistic regression can overestimate the prevalence ratio. Hence, we examined the associations of high BP with weight class by using log-binomial regression models to estimate crude prevalence ratios (PRs) and corresponding 95% CIs as well as adjusted PRs after adjusting for age, sex, and race/ethnicity. In order to detect the possible interactions between weight class and sex, age, and race on prehypertension and hypertension, we used two log-binomial regression models: (1) the multivariable model stratified by age, sex, or race, (2) additionally including 2-way interaction terms into the model.
Receiver operating characteristic (ROC) curves were used to predict prehypertension (or higher), BP in the hypertensive range (or higher), and hypertension by BMIfor-age percentile. The area under the curve (AUC) or model c statistic and corresponding 95% CIs are provided. The optimal threshold was chosen where accuracy measures (Youden Index, total accuracy) were maximized and total misclassification error was minimized. 25 The Youden Index (J=Sensitivity + Specificity À1) is the maximum difference between the ROC curve and the diagonal or chance line, and determines the cut point that optimizes the ability to differentiate between individuals with the outcome of interest and those without this outcome assuming an equal weight for sensitivity and specificity. All analyses were conducted using SAS 9.2 (SAS Institute Inc, Cary, NC).
RESULTS
Demographics of the Study Population
Approximately half of the study population was Hispanic (Table I) . Extremely obese youth were more likely to be male, Hispanic or black, and to live in a census block with a higher proportion of adult residence with low educational attainment. Compared with youth excluded from the analysis because they did not have 3 independent BPs in the study period (n=228,331), the study cohort was similar in the distribution of sex, race/ ethnicity, neighborhood education, and neighborhood income (data not shown). However, youth excluded from the analysis were slightly younger and, for a significant proportion of these youth (37.4%), the 
BMI and BP
The prevalence of prehypertension and hypertension in the total sample were 31.4% and 2.1%, respectively (Table II) . A significant proportion of youth had 1 (16.6%) or 2 (4.8%) BP measurements in the hypertensive range. Among youth with high BP, 75.3% had an isolated elevated systolic BP, 14.6% had an isolated elevated diastolic BP, and 10.0% had 1 elevated systolic and 1 elevated diastolic BP.
The prevalence of high BP was higher with a higher BMI category across sexes and age groups. For example, the prevalence of hypertension was 0.6% in underweight and 0.9% in normal weight youth and 9.2% in extremely obese youth. Extremely obese youth were 10.58 (95% CI, 9.75-11.28) times and moderately obese 4.35 (95% CI, 4.03-4.71) times more likely to have hypertension than their normal weight counterparts (Table III) . This association remained unchanged after adjusting for sex, age, and race/ethnicity. Sex and race/ ethnicity did not modify the association between body weight and high BP (both P values >.30). However, the association between body weight and high BP was marginally but significantly (P<.001) stronger in those aged 12 to 17 than in those aged 6 to 11 years.
Thresholds for BMI-for-Age as a Predictor of HighGrade Prehypertension and Hypertension
The AUCs for the prediction of prehypertension or higher, 1 BP in the hypertensive range (ie, ≥95th percentile) or higher, 2 BPs in the hypertensive range or higher, and hypertension by BMI-per-age percentile are shown in Figure 2 (all AUCs: P<.001). The Youden Index was maximal at the 85th percentile, 90th percentile, 91st percentile, and 94th percentile of BMI-for-age for having at least prehypertension, 1 BP in the hypertensive range, 2 BPs in the hypertensive range and hypertension, respectively ( Figure 2 ). The sensitivity and specificity of the optimal body weight threshold ranged between 50.4% and 70.9%, respectively, for prehypertension and 62.8% and 75.3% for hypertension, respectively ( Figure 3 ). The prevalence of high BP increased linearly with respect to BMI up to the 96th percentile and then increased steeply above the 97th percentile.
DISCUSSION
Results from this population-based cross-sectional study show a strong positive association between higher BMIfor-age and the prevalence of high BP in youth. Extremely obese youth are 10 times, moderately obese youth 4 times, and overweight youth twice as likely to have hypertension than their normal weight counterparts. Our results support the necessity to monitor overweight to obese children for high BP.
The setting of the present study is likely similar to other managed care settings, and the findings are likely generalizable to similar populations. The population at KPSC is also similar to the underlying population of Southern California regarding sociodemographic factors. 11 The large sample size allowed well-powered tests for interactions and a threshold determination by BMIfor-age percentile.
Few studies have evaluated the magnitude of the association between BMI and BP in pediatric populations. [26] [27] [28] [29] Consistent with our results, a Swiss study found odds ratios of hypertension for overweight children of 2.7 (95% CI, 1.5-5.0) and 16.2 (95% CI, 9.1-28.9) for obese children. 27 In a Texas school-based study including 11-to 17-year-old students in 2003 to 2005, overweight youth had 1.39 (95% CI, 0.92-2.09) and obese youth had 4.26 (95% CI, 3.12-5.83) times the odds of having hypertension compared with normal weight youth. 26 In earlier data in the same school-based setting, the odds of hypertension was 3.49 (95% CI, 2.70-4.51) in obese children compared with their normal weight counterparts. 28 Only one study 29 examined a dose-response relationship based on the degree of obesity. In that study, 29 extremely obese youth (defined as ≥99th percentile of BMI-for-age) were 3 times as likely to have hypertension than moderately obese and 7 times as likely as normal weight youth, based on 3 visits with BP measurement to confirm a high BP. However, in that study, 29 only frequencies but no odds ratios were provided, and the sample size of youth with ≥3 visits with BPs was very small (n=257).
Our results suggest that the risk of hypertension in extremely obese children is more than twice that of moderately obese children. This may have serious clinical implications for pediatric populations that have experienced a recent increase in the prevalence of extreme obesity. 8, 30 However, long-term studies are necessary to investigate the tracking of high BP from childhood into adulthood and the development of other cardiovascular risk factors for extremely obese compared with moderately obese youth. Health care providers could face another rise in the prevalence of hypertension in the coming years as a result of the shift toward extreme obesity in youth.
Several organizations recommend routine screening for high BP of asymptomatic youth during routine care visits; these organizations include the NHBPEP, 12 the Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk Reduction in Children and Adolescents of the National Heart, Lung, and Blood Institute, 31 and the American Heart Association. 32 Because studies are needed to assess whether screening for hypertension in youth reduces adverse health outcomes or delays the onset of hypertension in adults, the United States Preventive Services Task Force (US-PSTF) 9 has recently concluded that the evidence is lacking to recommend for or against routine screening for high BP in asymptomatic children-a conclusion that is discussed controversially. 33 While measuring BP is inherently safe, there can be adverse outcomes from routine screening, including the time and resource costs of both families and health systems for making additional and perhaps unnecessary appointments when an elevated BP is found among low-risk youth. For example, in our cohort, nearly 75,000 youth had at least 1 prehypertensive BP and nearly 40,000 children had at least 1 hypertensive BP, of which almost half were normal weight. Follow-up at regular clinical visits such as annual health check visits can mitigate these costs but bear the potential to delay diagnosis and treatment of hypertension.
It was also concluded that the increase in hypertension in youth in the United States is largely driven by an increased BMI. 9 As shown by our study and others, the prevalence of hypertension is much higher in obese than in normal weight youth. The results of our present study can inform future decisions between a general population-wide screening and a targeted screening or closer follow-up strategies in high-risk populations to identify youth with high BP.
Scant knowledge is available about the optimal thresholds for BMI to predict high BP in children. In one study, the prevalence of prehypertension or hypertension in a Canadian pediatric population increased at the 85th percentile of BMI-for-age. 34 Accordingly, we found a BMI-for-age at or above the 85th percentile that was able to predict high BP at the level of prehypertension or higher, but with a relatively low sensitivity and specificity. A BMI-for-age of 94th percentile was able to predict hypertension with an acceptable sensitivity and specificity. With little change in sensitivity and specificity, the threshold for hypertension can be rounded to the 95th percentile of BMI-for-age. If screening for high BP has to be limited to a high-risk population, our results suggest that at a minimum requirement, children at or above the 95th percentile should be screened. However, it is well-known that BP in children is variable. Due to our cross-sectional study design and the lack of data on BP tracking over a longer period of time, our results have to be interpreted carefully and confirmed by longitudinal data.
The current thresholds for childhood overweight and obesity were developed empirically and are rather arbitrary. 35, 36 Ideally, cut points describing overweight and obesity in youth would be based on the relationship between BMI and morbidity or mortality, but such data are only available for adults. Identifying cut points for overweight and obesity in children is more difficult since they manifest fewer conditions related to obesity at this age than do adults. Hence, adult cut points for overweight and obesity have been linked to BMI percentiles for youth in order to estimate the values of the 85th percentile for overweight and the 95th percen- tile for obesity. 36, 37 Our data provide support for the validity of the current classification for childhood overweight and obesity with respect to identifying high BP.
STUDY LIMITATIONS
Several potential limitations are noted. First, the crosssectional study design precluded us from making causal inferences on the relationship between body weight and hypertension. However, a general association between obesity and hypertension is well established. 38 Second, only results from single BP readings were available for this study electronically while repeated readings within one visit and the use of the average of these repeated visits are recommended. 12 This may explain the high proportion of youth with high BP but is likely to reflect findings in other real-world clinical settings. Third, we excluded only outpatient BP measurements that indicated the presence of fever because fever increases BP. 39 We did not exclude medical visits related to any health conditions that may lead to slightly higher BP (eg, musculoskeletal pain) or limited BPs to those measured in healthy child visits, as has been done by others. 40 Restricting the cohort to youth with at least 3 well-child visits would have led to a substantial underestimation of the prevalence of high BP in adolescents because the frequency of healthy child visits decreases in adolescence. On the other hand, we cannot exclude that some BPs were elevated secondary to acute conditions. This, however, unlikely affected the results investigating the association between obesity and BP or the determination of a threshold to predict hypertension by BMI-forage.
BP in routine clinical practice is usually measured by automated oscillometric devices while reference standards have been developed based on auscultatory methods. 32 However, the discussion about its benefits and disadvantages are controversial. 41 Generally, oscillometric devices tend to underestimate BP by approximately 2 mm Hg 42 while auscultatory methods are prone to measurement error if used in non-research settings. 41 This potential underestimation, however, has been shown to be independent of body weight 43 and relatively small in magnitude, 42 and therefore not very likely to cause a significant underestimation of the prevalence of hypertension compared with potential errors arising from the use of auscultatory methods. 41 
CONCLUSIONS
Body weight in youth is strongly and positively associated with high BP. With >9% of extremely obese youth having hypertension and another 45% having 1 or 2 BP measurements in the hypertensive range, these youth are particularly at risk for hypertension and may need regular screening and follow-up to identify and treat the condition. Our findings strongly support the need for recommendations to screen for hypertension in overweight and obese children at all outpatient medical visits. Additionally, our results also provide some validation for the current thresholds of pediatric overweight and obesity by predicting the prevalence of prehypertension and hypertension. Prevalence of high blood pressure in youth by body mass index (BMI)-for-age percentile. Sensitivity and specificity are given for the optimal thresholds (Youden Index=maximal). BMI-for-age percentiles above the 97th may be imprecise and must be interpreted with caution.
